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ABSTRACT 
Cover crops are promoted as a tool to preserve agrobiodiversity, to enhance soil 
chemical and physical properties, and to help suppress weeds. This study was conducted at 
two sites in northern Greece with similar climates, but different soil types, over two growing 
seasons in 2014-15 and 2017-18. Two multi-species cover crop mixtures with seven and 
eight types of legumes and grasses, respectively, were monitored to determine their weed-
suppressing and soil fertility enhancement attributes compared to a vetch/oat (Vicia sativa 
L./Avena sativa L.) mixture, and single-species crops of triticale (×Triticosecale Wittm.), rye 
(Secale cereale L.) and ryegrass (Lolium multiflorum L.).  A cultivated fallow treatment 
served as a control. The leguminous cover crop seeds were inoculated with rhizobium prior 
to planting. An unmanned aerial vehicle (UAV) or drone with an infrared camera was used to 
monitor cover crop growth and canopy development. Weed population and density within 
experimental plots were measured and weed suppression of each cover crop system was 
estimated.  
All cover crops exhibited high weed suppression during the 2014-15 season, while in 
2017-18, weed suppression was less effective. The multi-species cover crop systems were 
shown to be very adaptable to weather conditions and consistently produced high biomass at 
both sites and years. The vetch/oat mixture was found to increase soil total nitrogen (TN) and 
nitrate-nitrogen (NO3-N), producing a high legume biomass and contributing significantly 
greater TN than the other cover crops. This study suggests the multi-species mixtures have 
potential to produce a sufficient biomass to suppress weeds and contribute nitrogen for the 
following cash crop. 
 
  viii 
Keywords: cover crops, legumes, grasses, biomass, weed suppression, soil fertility, NDVI 
(Normalized Difference Vegetation Index), UAV (Unmanned Aerial Vehicle), organic 
agriculture. 	  
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INTRODUCTION 
Two key issues in organic agriculture are weed management sufficient to prevent 
competition with cultivated crops and efficient use of compliant resources for maintaining 
soil fertility. Because chemical herbicides are not allowed in organic agriculture, there is a 
great need to enlist cultural or mechanical methods to control weeds while providing 
adequate fertility for crop growth. Research has shown that organic agriculture  preserves 
nutrients by decreasing  leaching, increasing carbon storage (Drinkwater et al., 1995),  
limiting soil erosion (Reganold et al., 1987), and decreasing the levels of pesticides in water 
run-off (Mäder et al., 2002).  
Organic agricultural production relies on ecological principles to manage weeds, 
pests and maintain soil fertility. Mechanical methods include plowing, hoeing, disking and 
harrowing (Liebman and Davis, 2009). Mechanical disturbance of the soil increases the risk 
of soil erosion and can expose lower soil layers to increased oxidation, resulting in loss of 
SOC and evolution of CO2 (Rodale Institute, 2012). Cultural weed control methods in 
organic systems may include intercropping, crop rotations and the use of cover crops 
(Liebman and Davis, 2009). Organic farmers often incorporate agroecological practices as 
part of their farm management. For example, a widely used cultural method for weed control 
and soil fertility management based on ecological principles is that of cover crops (Hartwig 
and Ammon, 2002; Silva and Moore, 2017). Cover crops provide an array of beneficial 
services that include protecting the soil from wind and rain erosion, limiting weed growth 
and providing soil nutrients, thus improving soil quality and fertility  (Worsham, 1991; 
Dabney et al., 2001; Clark, 2007). Single-species or multi-species cover crops consisting of 
mixtures of grasses and legumes can be used depending on the agroecological zone and the 
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type of farming system (Wortman et al., 2012). The choice of cover crop species is crucial 
for achieving an adequate level of weed suppression and soil fertility enhancement to assure 
a robust crop. Multi-species cover crop mixtures containing legume and grass cover crops 
have resulted in increased productivity and resilience when compared to single-species cover 
crops (Wortman et al., 2012). However, this effect appears to depend on the type of cover 
crop mixtures used and the farming system. For example, Smith et al. (2014) found that in 
some cases, no enhanced weed suppression or increased productivity of the subsequent crop 
was observed in multi-species cover crop mixtures when compared to single-species cover 
crops. 
 The dominant cover crop systems in the Mediterranean region are single-species 
cover crops such as oats, ryegrass, rye, triticale or barley (Hordeum vulgare L.), which are 
common graminoid crops. Common leguminous cover crops are field pea (Pisum sativum 
subsp. arvense (L.) Asch.), common vetch (Vicia sativa L.), hairy vetch (Vicia villosa Roth) 
and clovers (Trifolium spp.) (Dabney et al., 2010; Campiglia et al., 2010). Vetches are 
usually planted in mixtures with a small percentage of a graminoid crop (oat or barley) to 
provide structural support and scavenge excess nitrogen from the soil. 
 Important cover crop traits for organic production are quick establishment, high biomass 
production, high nitrogen contribution, competitiveness with weeds, cold tolerance and ease 
of termination with mechanical methods (Delate et al., 2012). Cover crop effectiveness 
depends on the consistent and optimal performance of the selected cover crop species. To 
increase consistency, an ecologically sound cover crop system should include a diverse 
mixture of both legumes and graminoids. A multi-species cover crop has the advantage of 
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combining a diversity of species with different functional traits, each contributing to more 
efficient resource use (Blesh, 2018).  
 The aim of this study was to evaluate the ability of multi-species cover crop mixtures 
to control weeds and enhance soil fertility relative to single cover crops in variable soil and 
climatic conditions in Mediterranean agriculture. The hypothesis was that increasing plant 
diversity of cover crops will increase total productivity, increase weed suppression by way of 
competition and increase soil fertility. A cover crop trial was established where individual 
species or multi-species cover crops were compared to determine their potential to suppress 
weeds and enhance soil fertility. The effect of each cover crop system on weeds was 
monitored and biomass and diversity of weeds in each cover crop system was determined. 
One non-destructive effort to monitor cover crop growth and development was through 
remote Normalized Difference Vegetation Index (NDVI) sensors used for biomass 
estimation. This technology was chosen because remote sensing with NDVI sensors has 
shown a high correlation with biomass in grasses (Serrano et al. 2000). The objective was to 
assess the ability to monitor the canopy development of cover crop mixtures and be able to 
estimate final crop biomass through the use of non-destructive NDVI sensors.  To do so, total 
crop biomass was measured by collecting crop samples, and the relationship between the 
NDVI from a hand-held sensor or a UAV mounted camera and the estimated crop biomass 
was evaluated.   	  
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LITERATURE REVIEW 
 Cover crops can be used in arable farming systems and orchards and integrated into a 
variety of cropping systems. Perennial cover crops are commonly used in cropping systems 
such as orchards, while annual cover crops are used in annual cropping systems (Hartwig and 
Ammon, 2002). Annual cover crops can be either cool season annuals planted in the fall and 
terminated in the spring, or warm season annuals planted in the spring and grown throughout 
the summer. Cool season cover crops commonly used are rye (Secale cereale L.), triticale 
(×Triticosecale Wittm.) oats (Avena sativa L.), ryegrass (Lolium spp.), barley (Hordeum 
vulgare L.), hairy vetch (Vicia villosa Roth), common vetch (Vicia sativa L.), Austrian peas 
(Pisum sativum subsp. arvense (L.) Poir. or Pisum arvense L.), and annual clovers (Trifolium 
incarnatum L., Trifolium squarrosum, Trifolium alexandrinum L.) (Clark, 2007). Warm 
season cover crops include buckwheat (Fagopyrum esculentum Moench), phacelia (Phacelia 
tanacetifolia Benth.) and sudangrass (Sorghum bicolor var. sudanese) (Miyazawa et al., 
2014; Brust et al., 2014). Cover crops can be single species or multi-species mixtures of 
grasses and legumes. Cover crops can provide a number of ecosystem services, including 
weed suppression, improved soil structure and quality and more robust biological pest 
control (Blanco-Canqui et al., 2011; Lundgren and Fergen, 2011; Ryan et al., 2011). Legume 
cover crops add nitrogen through N-fixation. Grasses and brassicas improve N-cycling  and 
scavenge residual nitrogen from the soil, thus preventing leaching and pollution of water 
sources (Dabney et al., 2010). 
Although cover crops provide beneficial functions to farming systems, they have 
limitations that need to be carefully assessed before incorporating cover crops in a farming 
system. For example, cover crops require additional monetary and labor expenditures for 
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their establishment, termination and management. Additionally, including cover crops in a 
cropping system may delay planting of the cash crop, result in nitrogen immobilization and 
provide habitat for pests or diseases (Dabney et al., 2001). While cover crops increase soil 
water holding capacity, in arid and semi-arid regions they may also compete for soil 
moisture, thereby reducing available soil moisture for the following crop (Dabney et al., 
2001). This can be an issue, especially with warm season cover crops, but not in the case of 
cool season cover crops in Mediterranean type climates, where there is a greater chance of 
adequate precipitation providing soil moisture during the growing season. 
Grass cover crops have the advantages of lower cost compared to leguminous cover 
crop seed, provide quick growth with weed suppression, and high biomass production. In 
addition, grasses utilize nitrogen and reduce leaching (Tonitto et al., 2006). Legumes increase 
soil fertility through their symbiotic relationship with rhizobacteria. Some cover crop species, 
such as rye, triticale, barley and brassicas, have strong allelopathic properties which can 
reduce germination and growth of certain weed species (Dhima et al., 2006). While this is 
advantageous for weed control, it can also interfere with the seed germination of the 
following crop. When used as cover crops, hairy vetch and common vetch have provided a 
significant reduction of weeds. In a study of organic pepper production following cover 
crops, the hairy vetch treatment was found to produce the greatest pepper yields (Isik et al., 
2009). When hairy vetch was used in combination with rye as a cover  crop, it resulted in 
greater corn production when compared with hairy vetch or rye single cover crop treatments 
(Clark et al., 1994). The addition of a grass can help scavenge leachable N, which is later 
released to the following main crop. For example, ryegrass and oats were also found to be 
competitive with weeds and ryegrass produced the highest biomass in the organic pepper 
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study (Isik et al., 2009). In an evaluation  of cover crop mixtures in vegetable systems in 
Ohio, rye, barley, crimson clover and hairy vetch were found to be competitive with weed 
seeds, overwinter reliably and easily terminated (Creamer et al., 1997). Cover crop residue 
remaining on-field after termination can provide a mulch to suppress weed germination, 
primarily through light interception, allelopathy and physical blockage (Teasdale, 1996).  
Research on multi-species cover cropping systems is often limited to two-species 
cover cropping systems. A study using spring sown multi-species cover crop mixtures for the 
western Corn Belt in the USA found mixtures were more productive than single cover crops 
and exhibited enhanced ecological resilience (Wortman et al., 2012). However, a study of 
warm season cover crops found that even though multi-species mixtures are over-yielding 
when compared to the individual species grown as single cover crops, they did not result in 
increased weed suppression, biomass stability or enhanced productivity of the subsequent 
crop (Smith et al., 2014). Similarly, winter cover crop mixtures in corn-soybean systems in 
the Midwest did not provide any discernable benefits when compared to single cover  crops 
and did not affect weed density in the following corn crop (Appelgate et al., 2017). Finally, 
the timing and method of cover crop termination is critical for their successful adoption as a 
weed suppression method in organic agriculture (Wortman et al., 2013). Further research is 
necessary to determine optimal cover crop combinations under different climate and 
management regimes. 
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MATERIALS AND METHODS 
 
To investigate the effectiveness of multi-species cover crop mixtures to manage 
weeds and enhance soil fertility, field experiments were set-up at two locations in northern 
Greece. The treatments were three multi-species cover crops, two single-species cover crops 
and a fallow control.  
Study sites: 
Field experiments for this study were conducted at two sites with similar climate but 
different soils in northern Greece. The first site, the Perrotis College AgroCenter (Fig. 1), is 
located at the American Farm School, in Thessaloniki, Greece (40°33'58.04"N, 
22°59'26.92"E). Annual precipitation is approximately 450 mm. The soil at the site is a clay 
loam (Table 1). The AgroCenter is under organic certification. The second site was the 
Zannas Farm (Fig. 2), which is located near the Axios River in Imathia, Greece (40°42’2.86” 
N, 22°40’50.23” E). Average annual precipitation is 450 mm.  
 
Table 1. Soil analysis (0-30 cm) at AgroCenter and Zannas farms, 2015. 
 Soil 
Texture 
class 
Sand     
(%) 
Clay    
(%) 
Silt     
(%) 
  pH    EC      
(mS/cm) 
 SOM   
(%) 
AgroCenter Clay loam 36 38 26 7.9 0.493 1.98 
Zannas Farm Loam 42 14 44 8.0 0.464 1.20 
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Figure 1. AgroCenter experimental site.  (Google Earth Imagery, © Google 2018) 
 
 
Figure 2. Zannas Farm experimental site. (Google Earth Imagery, © Google 2018) 
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Experimental Design 
Season 2014-15 
The experimental design in 2014-15 was a Randomized Complete Block Design (RCBD) 
with four blocks and six treatments within each block. The size of each plot at the Zannas 
Farm was 30 x 9 m with 3–m corridors between blocks. The Perrotis College AgroCenter 
plots were 3 x 7 m with 1.5–m corridors between blocks. Five cover crop systems were 
planted: a) Multi-species 8, b) Multi-species 7, c) Multi-species 2, d) Rye, e) Ryegrass, and f) 
a non-cultivated fallow as a control. The crop composition of each multi-species mixture is 
listed in Table 2. The seeding rate was 70 kg/ha.  
 
Table 2. Composition of cover crop mixtures at AgroCenter and Zannas farms, 2015. 
Cover crop treatment Cover crop species 
Multi-Species-8 (MS-8) Avena strigosa, Lolium multiflorum, Vicia villosa, 
Vicia sativa, Trifolium suaveolens, Trifolium 
squarrosum, Trifolium alexandrinum L., Secale 
cereale L. 
 
Multi-Species-7 (MS-7) 
 
Lolium multiflorum, x Triticosecale, Vicia vilosa, 
Vicia sativa, Trifolium suaveolens, Trifolium 
squarrosum, Trifolium alexandrinum 
 
Multi-Species-2 (MS-2) 
 
Vicia sativa (80% by weight), Avena sativa (20%) 
 
Rye Secale cereale 
Ryegrass Lolium multiflorum 
Control (CON) Fallow 
 
The two crop mixtures, Multi-Species 8 and Multi-Species 7, were commercial mixes 
provided by the seed company Fertiprado® (Vaiamonte, Portugal). The vetch and clover 
seeds in the two crop mixtures were supplied pre-coated with the corresponding Rhizobium 
inoculant.  
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Season 2017-18 
The experimental design was the same RCBD as in 2014-15, with four blocks and four 
treatments within each block. The size of each plot located at the Perrotis College 
AgroCenter was 3 x 30 m. Five cover crop systems were planted: a) Multi-Species 7, b) 
Multi-Species 2, d) Triticale, and e) a non-cultivated fallow as a control. The crop 
composition of each multi-species mixture is listed in Table 3. The seeding rate was 70 
kg/ha.  
 
Table 3. Composition of cover crop mixtures at AgroCenter, 2018. 
Cover crop treatment Cover crop species 
Control (CON) Fallow 
Triticale (TRITIC) x Triticosecale 
 
Multi-Species 2 (MS-2) 
 
Vicia sativa (80%), Avena sativa (20%) 
 
Multi Species 7 (MS-7) 
 
Vicia villosa (10%), Trifolium incarnatum (5%), 
Vicia faba minor(25%), Pisum sativum (25%), x 
Triticosecale (15%), Avena sativa (15%), Lolium 
multiflorum (5%). 
 
The leguminous cover crop seeds were coated with the corresponding group of Rhizobium 
inoculant.  
 
Cover Crop Establishment  
Season 2014-15 
Cover crop establishment was planned for late October, but was delayed until January 
due to unusually wet weather in northern Greece during the months of October to December. 
Cover crop seeds were planted on December 13, 2015, after a light raking of the top layer of 
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the soil, by broadcasting at a seeding rate of 120kg/ha. After broadcasting, the seeds were 
raked to a depth of 1 to 2 cm and a roller was used to improve seed-to-soil contact to increase 
germination rates. Because the planting was late, cover crop germination was poor, so the 
plots were tilled, and the cover crops were replanted on January 17, 2015, using methods 
described above. 
Similarly, establishment of the cover crops at Zannas Farm was delayed and as a 
result, the field was cultivated and planted in January 21, 2015, with a grain seeder (IMA La 
Rocca, Barbara, Italy). Soil and crop management in both fields was performed following the 
EU organic agriculture regulations, with the exception of the use of fungicide-coated rye 
seeds (Saatbau Linz, Austria) in Zannas Farm (which is not certified organic). This change 
was due to the unavailability of untreated seeds in sufficient quantity. However, the 
organically certified farm at Perrotis College AgroCenter used only untreated seeds. 
 
Season 2017-18 
Following field cultivation and seed bed preparation, cover crop seeds were planted with 
a grain seeder (IMA La Rocca, Barbara, Italy) on November 26, 2017. A roller was 
subsequently used to improve cover crop seed germination rates. During the duration of the 
experiment, weather and soil data were collected.  
 
Weed Management 
Weed management took place before planting the main crop because the planting was 
late due to wet weather. Weeds were mechanically removed in mid-December and mid-
January with a mulcher-shredder (Astras, Thermi, Greece). Throughout the growing period, 
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weeds were removed mechanically from around the fields in AgroCenter and the Zannas 
Farm with a mulcher-shredder. 
 
 
NDVI Monitoring 
Normalized Difference Vegetation Index (NDVI) monitoring of cover crop growth 
and canopy development were performed using an NDVI hand-held sensor (GreenSeeker®, 
Trimble Inc., Sunnyvale, California) and with a UAV-mounted infrared camera (Custom 
made UAV with two custom modified Canon cameras, GEP, Thessaloniki, Greece). NDVI 
equation: NDVI = (NIR – VIS) / (NIR + VIS). Flight height 45 m. 
 
Aboveground weed and crop biomass sampling 
Growth of cover crop species and weeds were sampled using a 50 cm x 50 cm (0.25–
m2) quadrat. Plants were hand-clipped from a randomly selected 0.25 m2–area in each plot 
during crop development. Biomass of each cover crop species and weeds were determined 
for each sample. Before cover crop termination, at the full flowering stage for most cover 
crops, three samples from each plot were also harvested at the soil level using a 0.5 x 0.5–m 
quadrant. Legumes, grasses and weeds were separated and weighed. The samples were dried 
at 60°C for a minimum of 48 hrs to a constant weight to determine the dry weights of 
aboveground crop and weed biomass. Total carbon and total nitrogen were determined for 
cover crop samples (Institute of Soil and Water Resources labs, Thessaloniki, Greece). 
Soil analysis 
Soil cores of 0-30 cm were taken from three replicates from each field in January for soil 
analysis. Soil analysis was conducted in the Institute of Soil and Water Resources labs 
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(Thessaloniki, Greece). In May, three soil core samples of 0-30 cm were taken from each plot 
and mixed, and also analyzed at the Institute of Soil and Water Resources labs (Thessaloniki, 
Greece), for the final soil analysis to determine micro- and macro-nutrients, total nitrogen 
(TN), calcium carbonate (CaCO3), soil organic matter (SOM), nitrate-nitrogen (NO3-N) and 
ammonium-nitrogen (NH4-N), pH, and electrical conductivity (EC). Soil samples were also 
collected before planting and before termination of cover crops and analyzed for total 
nitrogen, organic carbon and nitrates.  
 
Cover crop termination methods 
At termination, cover crops were cut with a flail mower and plant residues were left 
as a mulch on the soil surface. Plants were left to decompose for approximately one month 
and then soil samples were taken from all replicates of each treatment to determine NO3-N 
and TN levels.  
 
Statistical analysis 
Data were analyzed using JMP Pro v.13.0 software (SAS Institute Inc.) for the 
analysis of variance (ANOVA). Means comparisons for individual treatments were evaluated 
with the Tukey-Kramer HSD test at the 0.05 level.  	  
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RESULTS AND DISCUSSION 
Weather Conditions 
The two seasons of the experiments had contrasting rain patterns. In the 2014-15 
season, cover crops were replanted in mid-January, due to continuous rains that prevented 
field preparation. December of 2014 was relative dry, allowing planting of the cover crops 
(Figure 3a). The winter of 2017-18 was relatively dry, especially in the months of December 
and January, after the cover crops emerged (Figure 3b). In contrast, in January-March of 
2015, there were sufficient rains for cover crop development. However, in May of 2015, 
during cover crop maturation, there was low precipitation (Figure 3a), while May of 2018 
was exceptionally wet, with unusually for Greece, continuing rains through June and July of 
2018 (Figure 3b). This affected cover crop development and weed emergence in both 
seasons.  
a.  
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Figure 3. Temperature and precipitation: a) 2014-2015 season and b) 2017-2018 season. 
Weather station is located at the AgroCenter, which is 30 km from Zannas Farm. 
 
Cover Crop Growth and Development 
In the 2014-15 season, cover crops that were replanted in mid-January had sufficient 
soil moisture during their emergence and initial development. In the 2017-18 season, cover 
crops that were established in mid-November had sufficient moisture, but the weather was 
exceptionally dry in the following months during emergence and initial development, 
affecting emergence and legume and grass populations in cover crop mixtures. In 2015, vetch 
plants in the Multi-species 2 mixture constituted a higher proportion (80%) in the 
AgroCenter field, corresponding to the high seeding rate of legumes (80%) in the mixture, 
while at the Zannas farm, vetch constituted only 55% of the mixture (Figures 4a, 4b). 
Possibly soil differences (clay-loam vs. loam in AgroCenter and Zannas Farm, respectively) 
impacted the relative development of legumes at the two sites. In the Multi-species 7 
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mixtures, legumes constituted lower plant density compared to grasses, despite the greater 
seeding ratio (70% seeding ratio vs. 30% plant density) at both sites. Multi-species 8 
mixtures had a similar reversal in plant densities, with even lower plant density (60% seeding 
ratio vs. 20% plant density). In 2018, legumes constituted a 50% proportion of plant density, 
similar to their seeding density (57%, Figure 5). 
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Figure 4. Cover crop plant density at a) AgroCenter Field, 2015 – Number of legumes, grass 
and weed plants at 60 DAP, and at b) Zannas Farm, 2015 – Number of legume, grass and 
weed plants at 110 DAP (average of three samplings per treatment).  
 
 
Figure 5. AgroCenter Field, 2018 - Cover crop plant density – number of legume, grass and 
weed plants at 106 DAP. Average for three samplings per treatment. 
 
Cover Crop Aboveground Biomass  
Cover crop aboveground biomass was found to be influenced both by type of soil at 
the two sites and by the different weather patterns in 2015 and 2018. In 2015, cover crop 
mixtures produced a higher biomass at the Zannas Farm, while rye produced the highest 
biomass at the AgroCenter (Figures 6 and 7). 
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Figure 6. Cover crop aboveground biomass at 112 DAP, AgroCenter field, 2015.  
 
Figure 7. Cover crop aboveground biomass at 110 DAP, Zannas Farm, 2015.  
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Multi-species and bi-culture cover crops produced greater total biomass compared to 
single-species cover crops, with the exception of rye at AgroCenter (Figs. 6 and 7 and Table 
4). The Multi-Species 7 mixture produced numerically greater legume biomass compared to 
Multi-Species 8 and Multi-Species 2 treatments at both sites, but the differences were not 
statistically significant (Table 4). At the AgroCenter, rye had the greatest aboveground dry 
biomass compared to all other treatments, at 12.3 tons/ha, while ryegrass had the lowest 
biomass of 4.5 tons/ha (Table 4). The cover crop mixtures produced a total biomass ranging 
between 7 and 8 tons/ha.  
 
Table 4. Cover crop aboveground dry biomass at 112 DAP, AgroCenter and Zannas farms, 
2015.  
Cover crop Average biomass (ton/ha) 
 Zannas Farm AgroCenter 
Multi-Species-7 12.5   a 7.9   b 
Multi-Species-8 10.3   a 6.0 bc 
Multi-Species-2 9.9   a 7.1 bc 
Ryegrass 7.1 ab 4.5 cd 
Rye 6.0 ab 12.3   a 
Fallow 2.6   b 2.5   d 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
Analysis of Variance (Zannas Farm) 
Source DF Sum of Squares Mean 
Square 
F Ratio Prob > F 
Cover crop 5 2515799.3 503160 4.9869 0.0049* 
Error 18 1816142.0 100897   
C. Total 23 4331941.3    
 
Analysis of Variance (AgroCenter) 
Source DF Sum of 
Squares 
Mean 
Square 
F Ratio Prob > F 
Cover crop 5 2251322.8 450265 21.3480 <.0001* 
Error 18 379649.0 21092   
C. Total 23 2630971.8    
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At Zannas, Multi-Species 7 had greater biomass than the single-species cover crops, 
ryegrass and rye, with an estimated biomass of 12.5 tons/ha. Multi-Species 8 and Multi-
Species 2 cover crop mixtures had the numerically second greatest biomass, estimated at 10 
tons/ha each. However, these multi-species cover crop biomass was not significantly 
different from ryegrass and rye biomass. Both of the single-species cover crops had lower 
biomass ranging between 6 and 7 tons/ha. The bi-culture of vetch+rye produced the second 
greatest biomass. This is in agreement with other studies where bi-cultures of vetch and rye 
produced a greater aboveground biomass than either vetch or rye cover crops (Ranells and 
Wagger, 1996; Clark et al., 1997). Similarly, at the  Zannas Farm it was clear that using 
cover crop mixtures resulted in consistently greater biomass production compared to single-
species cover crop systems.  
 
 
 
Figure 8. Final dry aboveground biomass at Zannas and AgroCenter (blue bars represent 
AgroCenter, red bars represent Zannas Farm). 2015 
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In 2018, lower plant density led to lower biomass production overall (Figure 9). 
Triticale had numerically greater biomass, but there was no statistical difference between 
cover crop treatments (Table 5). In both cover crop mixtures, legumes had a higher 
proportion of total biomass in 2018, while in 2015, at both sites, legumes contributed a much 
lower biomass compared to the grasses. One possible explanation for this difference is that as 
the cover crops were planted later in 2015, the colder temperatures of January prevented the 
legumes in the multi-species cover crops from optimal development, compared to the more 
cold tolerant grass species. Another possible explantation is that SOM decomposition by that 
later date had resulted in greater availability of nitrates giving the competitive advantage to 
grasses over legumes. 
 
 
Table 5. Cover crop aboveground biomass at 146 DAP, AgroCenter, 2018.  
Cover Crop Average biomass (ton/ha) 
Triticale 10.3 a 
Multi Species-7 9.8 a 
Multi Species-2 8.2 a 
Control 1.8 b 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
 
Analysis of Variance 
Source DF Sum of 
Squares 
Mean 
Square 
F Ratio Prob > F 
Treatment 3 1881854.1 627285 16.9887 0.0001* 
Error 12 443083.4 36924   
C. Total 15 2324937.5    
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Figure 9. Grass and legume aboveground biomass at cover crop termination, (2018). 
 
NDVI Monitoring 
The non-destructive method to monitor cover crop development (NDVI probe in 
2015; a drone with an infrared camera in 2018) produced varying results (Table 6 and 
Fig.10). 
Table 6. Biomass and NDVI of cover crops at 112 DAP, Zannas Farm, (2015).  
Cover crop 
Biomass 
(ton/ha) 
Weed 
Biomass 
(ton/ha) NDVI  
Multi-Species 7 12.5   a ND* 0.63 b 
Multi-Species 8 10.3   a ND* 0.69 a 
Multi-Species 2 9.9   a ND* 0.71 a 
Ryegrass 7.1 ab ND* 0.69 a 
Rye 6.0 ab ND* 0.61 b 
Fallow 2.6   b - 0.36 c 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
*ND = weeds not detected 
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A significant regression relationship between NDVI and crop biomass was determined in 
regression analysis, but the regression relationship was limited (r2=0.46, Figure 10).  
 
Figure 10. Regression analysis of biomass vs. NDVI of all cover crops in 2015. 
Regression Statistics     
Multiple R 0.67     
R Square 0.46     
Adjusted R 
Square 0.43     
Standard Error 82     
Observations 24     
ANOVA      
 df SS MS F 
Significanc
e F 
Regression 1 123197 123197 18.37 0.0003 
Residual 22 147549 6707   
Total 23 270746       
 
When single cover crop systems were analyzed though, the relationship of NDVI and 
crop biomass was significant for the single cover crop species. A stronger regression 
0
5000
10000
15000
Bi
om
as
s (
kg
/h
a)
0.3 0.4 0.5 0.6 0.7 0.8
NDVI
  24 
relationship between NDVI and crop biomass was found for ryegrass (r2=0.94) and for rye 
(R2=0.81) (Table 10). A similar relationship was found in the fallow plots, which were not 
cultivated and only weeds grew. The inability to obtain a good regression relationship 
between NDVI and multi-species cover crop biomass may be attributed to the complex 
canopy structure of densely planted cover crop mixtures, containing multiple grasses and 
legumes. For example, grains, such as rye and oats grow taller, while some of the Trifolium 
species remain lower in the canopy. As the leaf area index increases, the regression 
relationship becomes weaker and NDVI cannot be used to predict biomass reliably (Serrano 
et al., 2000). This method can be useful though for monitoring early establishment of cover 
crops and initial canopy development.  
 
Table 7. Regression analysis of biomass vs. NDVI for individual cover crops. 
Parameter r2 
Ryegrass biomass vs. NDVI 0.94* 
Rye biomass vs. NDVI 0.81 ns 
Multi-species 7 biomass vs. NDVI 0.34 ns 
Vetch-oat biomass vs. NDVI 0.42 ns 
Multi-species 8 biomass vs. NDVI 0.47 ns 
Fallow biomass vs. NDVI 0.99* 
  
* Significant at the 0.05 probability level. 
 Because the UAV used in 2018 was acquired in late Spring, only one cover crop 
mapping was possible at full canopy development (Figs. 11 and 12). Ideally, a series of 
NDVI maps would have helped monitor cover crops through initial establishment and canopy 
development of the various mixtures across growing seasons and sites. 
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Figure 11. NDVI mapping of experimental field, AgroCenter, 2018 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Classification of mean NDVI values per treatment, AgroCenter, 2018  
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The classification of mean NDVI values from each plot showed that triticale had the greatest 
values, but only the difference from the Multi-species 7 and the control fallow plot was 
significant (Table 8). 
 
Table 8. NDVI of cover crops at AgroCenter before termination, 2018. 
Cover crop NDVI  
Triticale 0.71 a 
Multi-species 2 0.69 ab 
Multi-species 7 0.68 b 
Control 0.53 c 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
Analysis of Variance 
Source DF Sum of 
Squares 
Mean 
Square 
F Ratio Prob > F 
Treatment 2 0.00183734 0.000919 10.2426 0.0048* 
Error 9 0.00080722 0.000090   
C. Total 11 0.00264455    
 
Similar to the 2015 monitoring, the regression analysis of the relationship of NDVI with crop 
biomass was significant, but the regression relationship was not very strong (r2=0.54, Figure 
13).  
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Figure 13. Regression analysis of biomass vs. NDVI of all cover crops in 2018. 
Regression Statistics 
Multiple R 0.73 
R Square 0.54 
Adjusted R 
Square 0.51 
Standard Error 237 
Observations 16 
ANOVA      
  df SS MS F 
Significance 
F 
Regression 1 922346 922346 16.37 0.001 
Residual 14 788895 56349   
Total 15 1711242       
 
Weed Suppression Ability of Cover Crops 
Weed populations 
Very few weeds were detected in the experimental plots in 2015, and they were primarily 
located on the edges of each plot. At the AgroCenter plots, very few weeds were found 
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during sampling and at Zannas Farm, no weeds were found during random sampling (Table 
9). In contrast, there was a greater number of weeds in the fallow plots. There was a greater 
number of weeds at the Zannas farm, but a lower total weed biomass compared to the 
AgroCenter plots (Table 9). Weed suppression, estimated as the percent of weeds in a plot 
relative to the fallow plot, ranged from 90 to 100%. Weeds found were mainly broadleaf 
weeds and few grasses. In contrast, in 2018 there was increased weed pressure.  
Weed suppression by cover crops 
Weed suppression was effective for all cover crops, ranging from 90.5 to 100% 
suppression (Table 9). Because planting was delayed, winter weeds were mechanically 
removed before planting in January and the fields were cleared, and weeds were 
mechanically controlled around the field at the AgroCenter farm to decrease the weed 
pressure. Thus, weed suppression efficiency in the 2015 experiment was mainly directed 
towards spring rather than winter weeds, which were mechanically eliminated prior to 
planting. The single-species and multi-species mixtures appeared to suppress weeds 
effectively, with Multi-species 2 (Vetch + oat) supressing approximately 90% of the weeds in 
the AgroCenter plots.  
Table 9. Weed suppression in each treatment at AgroCenter and Zannas farms, 2015. 
 AgroCenter Field Zannas Farm 
Treatment 
% 
Suppres
sion 
Weed 
biomass 
(ton/ha) 
Weed 
density 
(plants/m2) 
% 
suppres
sion 
Weed 
biomass 
(ton/ha) 
Weed 
density 
(plants/
m2) 
Multi-Species 8 100 0.00 0 100 0.00 0 
Ryegrass 100 0.00 0 100 0.00 0 
Rye 100 0.00 0 100 0.00 0 
Multi-Species 7 98 0.05 1 100 0.00 0 
Multi-Species 2 91 0.27 2 100 0.00 0 
Fallow – 2.53 18 – 2.63 103 
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In 2018 weed suppression was not as effective, ranging from 51 to 69% (Table 10). 
The Multi-species 7 cover crop mixture had the greatest suppression of weeds, while Multi-
species 2 had the least (Table 10).  
Table 10. Weed suppression in each treatment, AgroCenter, 2018. 
Treatment % suppression 
Weed 
biomass 
(ton/ha) 
Weed 
density 
(plants/m2) 
Control - 1.80 42 
Multi-species-2 51 0.87 27 
Multi-species-7 69 0.56 26 
Triticale 61 0.70 20 
 
All five cover crops suppressed weed growth in the experimental plots during the 2015 
growing season, while in 2018, weed suppression was less effective.  Overall, the multi-
species cover crop mixtures performance was better in weed suppression across both years 
and sites. 
Cover Crop Contributions to Soil Fertility 
Soil nitrogen levels before termination – 2015 
In the soil analysis before cover crop termination in 2015, soils under the multi-
species 2 cover crop showed the greatest level of NO3-N at both sites, which was greater than 
all other treatments at the AgroCenter (Table 11). No differences were found in TN or NH4-N 
levels among treatments. 
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 a 
 b  
 c 
 d 
Figure 14. Experimental plots a: Rye, b: multi-species 2, c: multi-species 8, and d: non-
cultivated fallow plot. (Photos by C. Vasilikiotis) 
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Table 11. Soil nitrogen levels before cover crop termination at AgroCenter and Zannas 
farms, 2015. 
 AgroCenter Field Zannas Farm 
Treatment NO3-N (ppm) 
Total 
N% 
NH4-N 
(ppm) 
NO3-N 
(ppm)  
Total 
N% 
NH4-N 
(ppm)  
Multi-Species 2 4.4   a 0.122 a 31.4 a 10.1 a 0.090 a 20.5 a 
Multi-Species 8 2.8   b 0.130 a 45.5 a 6.6 a 0.092 a 17.6 a 
Multi-Species 7 2.7   b 0.121 a 25.6 a 7.5 a 0.078 a 22.0 a 
Rye 2.6 bc 0.127 a 27.1 a 9.1 a 0.082 a 21.6 a 
Ryegrass 1.6 bc 0.131 a 28.5 a 5.9 a 0.093 a 23.6 a 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
Nitrogen content of cover crops  
 Plant tissue analysis of TN content of harvested cover crops showed that Multi-species 
2 had the greatest N concentration in crop tissues and was greater than the single-species 
cover crops of ryegrass and rye (Table 12). There were no differences in N concentration 
among the three multi-species mixtures. However, Multi-species 7 and Multi-species 8 were 
greater than the rye cover crop (Table 12). 
Table 12. Average total nitrogen concentration (%) in cover crop plant tissue. 
Treatment  
AgroCenter 
N-Total % 
Zannas  
N-Total % 
Multi-Species 2 2.2   a 2.6 ab 
Multi-Species 8 1.9 ab 1.9 bc 
Multi-Species 7 1.9 ab 1.7   c 
Ryegrass 1.3 bc 1.5   c 
Rye 0.8   c 1.8   c 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
 
Total N uptake by cover crops (N kg/ha) 
 Based on the total biomass estimated for each cover crop, the total potential nitrogen 
contribution was calculated in kg/ha (Table 13). 
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Table 13. Nitrogen uptake by cover crops (N kg/ha).  
Treatment  
AgroCenter 
 N (kg/ha) 
Zannas  
N (kg/ha) 
Multi-species 2 423     a 253     a 
Multi-species 7 409   ab 208   ab 
Multi-species 8 315 abc 200 abc 
Rye 267 bcd 120 bcd 
Ryegrass 169   cd 113  cd 
Means followed by the same letter are not significantly different (Tukey-Kramer HSD at the 
5% level) 
 
The results demonstrate that the Vetch+Oats (Multi-species 2) cover crop contributed greater 
N than the other treatments after cover crop termination at both sites (Table 13). The 
estimated amount of nitrogen was 423 kg/ha and 253 kg/ha in AgroCenter and Zannas, 
respectively, while ryegrass had the least nitrogen of 169 kg/ha and 113 kg/ha at AgroCenter 
and Zannas farm, respectively. Multi-species 7 and Multi-species 8 also had a greater N 
accumulation compared to single-species cover crops (Table 13). Multi-species cover crop 
mixtures accumulated more nitrogen over single cover crops (Figure 15). 
 
Figure 15. Total nitrogen (kg/ha) in cover crops at Zannas and AgroCenter farms (blue bars 
represent AgroCenter plots; red bars represent Zannas Farm plots) 
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Estimation of nitrogen fixation 
 To estimate the nitrogen fixation contribution to the amount of nitrogen taken up by 
legumes, the following formula was used (Evans and Taylor, 1987): 
%	# − %&'()&*+	 = 	#	-&./0	(2.345.) − #	-&./0	(7.%.8.+9.	98*:)#	-&./0	(2.345.) × 	100 
“N yield” is the total amount of nitrogen in crop tissues per hectare in either legumes or 
grasses (reference crop). This equation makes the assumption that the reference crop has 
similar agronomic characteristics, such as growth habit, response to competition and rooting 
depth, to the leguminous cover crops in the mixtures.  
 
Table 14. Nitrogen fixation in both fields for each of the treatments in 2015. 
 
 
Total N contribution by legumes was greater in the AgroCenter field compared with Zannas 
and the percent of N fixation was also greater (55.8 % vs 48.9 % at the AgroCenter and 
Zannas Farm, respectively, Table 14). AgroCenter has a clay-loam soil and greater organic 
matter content (1.98% vs 1.20% at the Zannas Farm) due to applications of dairy cattle 
manure in previous years. Addition of organic manures has been shown to increase legume 
nodulation, which may  have played a role in more active nitrogen fixation by the legume 
cover crops in the mixtures (Tagoe et al., 2008).  
 
AgroCenter 
N (kg/ha) 
Zannas  
N (kg/ha) 
Legume average 382.2 220.3 
Reference crop 
average 169.0 112.5 
N-difference 213.2 107.8 
% N2 fixation 55.8 48.9 
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Soil nitrogen levels after cover crop termination 
Thirty days after the cover crops were terminated, samples were taken for analysis to analyse 
NO3-N levels for each of the treatments (Table 15). The   greatest concentration of NO3 in the 
soil was found in the Multi-species 2 cover crop with a 110% increase over baseline soil 
NO3-N. This is in line with the Multi-species 2 displaying the greatest N-fixation and the 
greatest N uptake compared to the other cover crop systems. Legume biomass has been 
shown to be the strongest predictor of biological nitrogen fixation (Blesh, 2018).  
The other multi-species cover crop systems also resulted in greater NO3 concentrations in the 
soil after cover crop termination compared to the single-species cover crops. Rye had the 
least increase of NO3-N among all treatments after cover crop termination, despite a robust 
biomass accumulation, indicating an insufficient accumulation of nitrogen to enhance soil 
fertility in the short-term. Since rye has a higher C:N ratio, initially there would be nitrogen 
immobilization in the soil, which could explain the lower NO3 detected following cover crop 
termination. 
Table 15. NO3-N levels in each of the treatments in AgroCenter after cover crop termination 
(difference from baseline). 
Treatments 
NO3-N (ppm) (difference from 
baseline %) 
Multi-Species 2 15.5    (+112%) 
Multi-Species 8 9.4      (+28%) 
Multi-Species 7 8.6      (+18%) 
Ryegrass 8.4      (+15%) 
Rye 7.6        (+5%) 
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CONCLUSIONS 
 
All cover crop systems studied performed well by producing sufficient biomass and 
weed suppression in the 2015 season. Multi-species cover crops were more productive and 
demonstrated the potential to provide higher biomass and satisfactory weed suppression. In 
the 2014-2015 season, when the cover crops were established late due to weather conditions, 
the vetch + oat bi-culture increased soil nitrogen and NO3-N while producing significant 
legume biomass and accumulating a greater nitrogen fraction compared to the other cover 
crop systems studied. The multi-species mixtures also produced significant biomass and 
accumulated sufficient nitrogen to contribute to the following cash crop. Both the bi-culture 
and the multi-culture cover crop systems performed better in terms of weed control and soil 
fertility management compared to single species grass cover crops. The potential 
immobilization of N by the grass and single-species cover crops can affect the following 
main crop.  
Since winter weeds were eliminated during field preparations in the 2014-15 season, 
the late planting of the cover crops in mid-January benefited weed management that year. 
While cover crops produced sufficient biomass and accumulated a significant amount of 
nitrogen, the delay in cover crop termination could affect the ability to establish the main 
crop. In the 2017-2018 season, an unusually dry period following cover crop establishment 
resulted in a lower biomass and decreased weed suppression. This was followed by a period 
of  high precipitation in May and June which resulted in greater weed emergence and growth 
that competed with the established cover crop. 
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  In terms of using remote sensing to monitor cover crop development, the complex 
canopy structure of a densely planted multi-species cover crop presented a challenge in using 
an NDVI sensor as an effective monitoring device. As the LAI increases, the regression 
relationship between NDVI and cover crop biomass would become weaker, as leaves in the 
upper canopy would mask lower leaves. In addition, the different leaf angles and crop height 
of the each species in a cover crop mixture would affect the ability of an NDVI sensor 
reflectance readings to correlate with total crop biomass. Further studies will be required to 
develop a reliable method of using remote sensing to estimate biomass in multi-species cover 
crops. The UAV-mounted cameras can be used successfully in measuring NDVI and 
efficiently estimating biomass during the initial establishment and early canopy development 
of cover crop systems. Overall, multi-species cover crops were adaptable over the different 
seasons and soil types because of consistent biomass production and weed suppression 
compared to single-species cover crops. In addition, this study demonstrated a viable 
approach to increase soil fertility, especially through the use of the Multi-species 2 cover 
crop system. 
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